Background: Tomosyn regulates vesicle fusion but its mechanism remains incompletely understood. Results: Tomosyn uses its C-terminal domain to arrest SNARE-dependent fusion reactions, whereas its N-terminal domain is required for syntaxin interaction.
Exocytosis, the fusion of exocytic vesicles with the plasma membrane, allows the cell to be in constant communication with the environment (1) . The core engine of intracellular vesicle fusion is the soluble N-ethylmaleimide-sensitive fac-tor attachment protein receptors (SNAREs) 2 (1) (2) (3) (4) . SNAREs are membrane-associated proteins localized to both the vesicle (v-SNAREs or R-SNAREs) and the target membrane (t-SNAREs or Q-SNAREs) (5) (6) (7) (8) (9) (10) (11) (12) . Membrane fusion is initiated when the v-SNARE pairs with the t-SNAREs to form a four-helix trans-SNARE complex (or SNAREpin). N-to C-terminal assembly of the trans-SNARE complex brings the two membranes into close proximity to fuse (13) (14) (15) (16) .
Exocytosis is the basis of a wide range of fundamental biological processes including neurotransmitter release, hormone secretion, and inside-outside movement of surface transporters and receptors (1) . In particular, exocytosis plays crucial roles in maintaining blood glucose homeostasis in mammals. In response to elevated blood glucose levels (e.g. after a meal), the peptide hormone insulin is released from pancreatic beta cells through exocytosis. Insulin is then transported by the bloodstream to reach its target tissues including muscles and adipocytes (17) (18) (19) . Binding of insulin to its receptor on target tissues activates a cascade of signaling events that ultimately relocate GLUT4 from intracellular storage vesicles to the cell surface. The relocation is achieved by the fusion of GLUT4containing exocytic vesicles with the plasma membrane. Once on the cell surface, GLUT4 facilitates the uptake of excess blood glucose into the cells for disposal (20, 21) . Although insulin secretion and GLUT4 exocytosis are regulated by distinct trigger signals, both pathways require syntaxin-4 and SNAP-23 as the t-SNAREs, and VAMP2/synaptobrevin as the primary v-SNARE (22) (23) (24) (25) (26) . In insulin secretion, the vesicle fusion reaction also involves another t-SNARE complex, syntaxin-1 and SNAP-25 (25) (26) (27) . Another widely studied exocytic pathway is the release of neurotransmitters at chemical synapses, which serves the major form of cell-cell communication in the brain (3) . The neurotransmitter release requires the t-SNAREs syntaxin-1/SNAP-25 and the v-SNARE VAMP2.
In addition to SNAREs, exocytosis also requires a group of SNARE-binding regulatory factors that control the temporal and spatial precision of the vesicle fusion reaction. One such regulatory factor is tomosyn, a 120 -130-kDa protein that negatively regulates SNARE-dependent exocytosis (28 -41) . Originally identified as a syntaxin-binding molecule (42) , tomosyn possesses two distinct domains, a large N-terminal domain containing WD40 repeats and a small C-terminal domain harboring an R-SNARE-like motif (see Fig. 6A for a schematic diagram). Mutations in tomosyn are implicated in type 2 diabetes (43) .
It remains incompletely understood how tomosyn regulates SNARE-dependent exocytosis. Previous biochemical studies of tomosyn were performed mostly in static solution binding assays using truncated proteins. These truncated proteins, however, cannot recapitulate the physiological function of full-length (FL) tomosyn in exocytosis (44, 45) . In this study, we expressed and purified active FL tomosyn and examined its molecular mechanism of action in reconstituted systems that recapitulate the vesicle fusion reactions of insulin secretion, GLUT4 exocytosis, and neurotransmitter release. We demonstrated that tomosyn negatively regulates SNARE-mediated membrane fusion by inhibiting the assembly of the ternary SNARE complex. Tomosyn recognizes the t-SNARE complex and prevents its pairing with v-SNARE, therefore arresting the fusion reaction at a pre-docking stage. The inhibitory function of tomosyn is dominant over the stimulatory activity of the Sec1/Munc18 (SM) protein. The inhibitory function of tomosyn is mediated by its CTD that contains an R-SNARE-liked motif, confirming previous studies carried out using truncated fragments of tomosyn. Interestingly, the NTD of tomosyn is required (although not sufficient) for the binding of tomosyn to the syntaxin monomer, indicating that FL tomosyn presents unique features not found in the widely studied CTD fragment. These findings suggest that tomosyn uses its CTD to arrest SNARE-dependent membrane fusion, whereas the NTD is required for the recruitment of tomosyn to vesicle fusion sites through syntaxin interaction.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Recombinant t-and v-SNARE proteins were expressed in Escherichia coli and purified by affinity chromatography. The t-SNARE complexes, comprised of untagged syntaxin-4 and His 6 -tagged SNAP-23 or untagged syntaxin-1 and His 6 -tagged SNAP-25, were expressed as previously described (46 -48) . SNAREs were stored in a buffer containing 25 mM HEPES (pH 7.4), 400 mM KCl, 1% n-octyl-␤-D-glucoside, 10% glycerol, and 0.5 mM Tris(2-carboxyethyl)phosphine.
Human tomosyn-1 gene (ATCC) was subcloned into a baculovirus transfer vector pFastBacMBP to generate a construct encoding a His 6 -MBP-tomosyn fusion protein separated by a tobacco etch virus protease cleavage site. The fusion protein was expressed in Sf9 cells according to the manufacturer's instruction (Bac-to-Bac Baculovirus Expression System, Invitrogen). Briefly, recombinant Bacmid DNA was obtained by transforming the pFastBac-MBP-tomosyn construct into DH10Bac cells. The Bacmid DNA was transfected into Sf9 cells grown at 27°C in Sf900-III serumfree medium (Invitrogen). Recombinant viruses were harvested 4 days after transfection and further amplified twice to obtain viral stocks with the desired titer. At the density of 2 ϫ 10 6 cells/ml, Sf9 cells were infected with the recombinant virus at multiplicity of infection of 1. Cells were harvested 72 h after infection and cell pellets were stored at Ϫ80°C. Tomosyn proteins were purified by both the nickel and amylose affinity chromatography. The His 6 -MBP tags were removed from tomosyn proteins by tobacco etch virus protease and the proteins were subsequently dialyzed overnight against a storage buffer (25 mM HEPES, pH 7.4, 150 mM KCl, 10% glycerol and 0.5 mM Tris(2-carboxyethyl)phosphine). The NTD of tomosyn (amino acids 1-1010) was expressed and purified in insect cells in a similar way as the FL protein. The CTD of tomosyn (amino acids 1011-1115) was expressed and purified using a procedure we previously described for Munc18-1 (46) . Recombinant Munc18c protein was produced in Sf9 cells as previously described (24, 48) .
Reconstitution of Proteoliposomes-All lipids were obtained from Avanti Polar Lipids Inc. For t-SNARE reconstitution, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine, 1-palmitoyl-2-oleoyl-sn-glycero-3phosphoserine, and cholesterol were mixed in a molar ratio of 60:20: 10:10. For v-SNARE reconstitution, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine, cholesterol, (N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-dipalmitoyl phosphatidylethanolamine (NBD-DPPE), and N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl phosphatidylethanolamine (rhodamine-DPPE) were mixed at a molar ratio of 60:17:10:10:1.5:1.5. SNARE proteoliposomes were prepared by detergent dilution and isolated on a Nycodenz density gradient flotation (49) (50) (51) . Complete detergent removal was achieved by overnight dialysis of the samples in Novagen dialysis tubes against the reconstitution buffer (25 mM HEPES, pH 7.4, 100 mM KCl, 10% glycerol, and 1 mM DTT). To prepare sulforhodamine-loaded liposomes, t-or v-SNARE liposomes were reconstituted in the presence of 50 mM sulforhodamine B (Sigma). Free sulforhodamine B was removed by overnight dialysis followed by liposome flotation on a Nycodenz gradient. The protein:lipid ratio was1:200forv-SNAREsand1:500fort-SNAREliposomes.Toensure the consistency in SNARE liposome preparations, we routinely monitored the sizes and morphologies of reconstituted liposomes using dynamic light scattering and electron microscopy.
FRET-based Lipid and Content Mixing Assays-A standard lipid mixing reaction contained 45 l of unlabeled t-SNARE liposomes and 5 l of v-SNARE liposomes labeled with NBD and rhodamine, and was conducted in a 96-well Nunc plate at 37°C. Prior to fusion, NBD emission from the v-SNARE liposomes was quenched by neighboring rhodamine molecules through FRET. After fusion, the NBD dyes were diluted such that their emission was dequenched. Increase in NBD fluorescence at 538 nm (excitation 460 nm) was measured every 2 min in a BioTek Synergy HT microplate reader. At the end of the reaction, 10 l of 10% CHAPSO was added to the liposomes. Fusion data were presented as the percentage of maximum fluorescence change. To assess their regulatory activities, 5 M tomosyn was added to the fusion reaction. The maximum fusion rate within the first 10 min of the reaction was used to represent the initial rate of a fusion reaction. Full accounting of statistical significance was included for each figure based on at least three independent experiments.
For content mixing assays, unlabeled t-SNARE liposomes were directed to fuse with sulforhodamine B-loaded v-SNARE liposomes in which the sulforhodamine B fluorescence was inhibited by self-quenching. The fusion of the liposomes led to the mixing of their contents and the dequenching of sulforhodamine B fluorescence. The increase of sulforhodamine B fluorescence at 585 nm (excitation 565 nm) was measured every 2 min. Full accounting of statistical significance was included for each figure based on at least three independent experiments.
Liposome Co-flotation Assay-Association of soluble factors with liposomes was examined using a liposome co-flotation assay (46, 52, 53) . A soluble factor was incubated with liposomes at 4°C with gentle agitation. After 1 h, an equal volume of 80% Nycodenz (w/v) in reconstitution buffer was added and transferred to 5 ϫ 41-mm centrifuge tubes. The liposomes were overlaid with 200 l each of 35 and 30% Nycodenz, and then with 20 l of reconstitution buffer on the top. The gradients were centrifuged for 4 h at 52,000 ϫ g in a Beckman SW55 rotor. Samples were collected from the 0 -30% Nycodenz interface (2 ϫ 20 l) and analyzed by SDS-PAGE.
Liposome Docking Assay-The t-SNARE liposomes were prepared in a similar way as in the liposome fusion assay except that 2% biotin-conjugated 2-dioleoyl-sn-glycero-3-phosphoethanolamine lipid was included. The biotin-labeled t-SNARE liposomes were incubated with avidin-conjugated agarose beads at room temperature for 1 h. The bead-bound t-SNARE liposomes were then used to pull down rhodamine-labeled v-SNARE liposomes. The rhodamine-labeled v-SNARE liposomes were identical to the v-SNARE liposomes used in lipid mixing assays. The pull-down reactions were performed in the liposome reconstitution buffer at 4°C in the presence or absence of 5 M tomosyn. After washing three times with the reconstitution buffer, 1% CHAPSO was added to solubilize the bead-bound liposomes. The avidin beads were removed by centrifugation at 4,000 ϫ g for 2 min. Rhodamine fluorescence in the supernatant was measured in a BioTek microplate reader. In the negative control reaction, 20 M VAMP2 CD was added to prevent the assembly of the ternary SNARE complex.
Circular Dichroism Spectroscopy-CD spectra were measured using a Jasco J-815 spectropolarimeter equipped with a 1-mm quartz cell. The readings were made at 0.1-nm intervals, and each data point represents the average of six scans at a speed of 50 nm/min over the wavelength range of 198 to 250 nm. The data were converted into mean residue weighted molar ellipticity using the following equation: [] MRW ϭ 100 /Cnl, where C is the protein concentration (mM), is the measured ellipticity (millidegrees), n is the number of residues, and l is the path length (cm).
RESULTS
Tomosyn Inhibits the Assembly of the Ternary SNARE Complex, but Not the Formation of the t-SNARE Complex-The formation of the binary t-SNARE complex is a key regulatory step in exocytic vesicle fusion (3, 4) . Tomosyn was initially isolated as a syntaxin-binding molecule (42), but it remains unclear how the tomosyn-syntaxin dimer regulates SNARE assembly on the membrane. There are two tomosyn genes in mammals, tomosyn-1 and tomosyn-2 (54) . Because the proteins encoded by these two tomosyn genes appear to have similar domain structures and biological functions, tomosyn-1 was used in this study and hereafter referred to as tomosyn.
Previous biochemical and biophysical studies mostly used truncated fragments of tomosyn. We found that FL tomosyn could not be expressed in E. coli. Therefore, we expressed and purified FL tomosyn in insect cells using baculovirus. Insect cell-expressed FL tomosyn proteins were pure and highly soluble (Fig. 1A) . In a liposome co-flotation assay, we observed that tomosyn bound to proteoliposomes reconstituted with either syntaxin-4 or syntaxin-1 monomer (Fig. 1, B and C) . Tomosyn did not bind to protein-free liposomes (Fig. 1, B and C) , indicating that the tomosyn-syntaxin interaction was specific. When added as a soluble factor, SNAP-23 or SNAP-25 readily assembled with syntaxin-4 or syntaxin-1, respectively, to form the binary t-SNARE complex (Fig. 1, B and C). Unexpectedly, we found that tomosyn prevented neither the pairing of syntaxin-4 with SNAP-23 nor the pairing of syntaxin-1 with SNAP-25 ( Fig. 1, B and C) . Thus, tomosyn-associated syntaxin monomers are fully competent for t-SNARE complex formation.
After t-SNARE complex formation, the v-SNARE assembles with the t-SNAREs to form the ternary SNARE complex that forces the two membranes into close proximity to fuse (1). Next we tested whether and how tomosyn regulates the assembly of the ternary SNARE complex. The t-SNARE complex, composed of syntaxin-4/SNAP-23 or syntaxin-1/SNAP-25, was reconstituted into proteoliposomes (Fig. 2, A and B) . Addition of VAMP2 cytoplasmic domain (CD) to the t-SNARE liposomes resulted in the formation of the ternary SNARE complex on the membrane (Fig.  2, A and B) . We observed that tomosyn bound to the t-SNARE complex and blocked its pairing with VAMP2 CD, therefore preventing the assembly of the ternary SNARE complex (Fig. 2, A and  B) . When added to pre-formed ternary SNARE complexes on the liposome membrane, tomosyn did not displace VAMP2 CD from the t-SNAREs (Fig. 2, C and D) , indicating that tomosyn inhibits SNARE assembly only prior to the full formation of the ternary SNARE complex. Together, these results demonstrate that tomosyn recognizes the t-SNARE complex and inhibits the assembly of the ternary SNARE complex.
Tomosyn Negatively Regulates the SNARE-mediated Membrane Fusion Reaction-Next we sought to determine how tomosyn regulates the dynamic SNARE-dependent membrane fusion reaction. Proteoliposomes were reconstituted using SNAREs involved in insulin secretion, GLUT4 exocytosis, and neurotransmitter release, syntaxin-1/SNAP-25/VAMP2 or syntaxin-4/SNAP-23/VAMP2 (Fig. 3A) . Fusion of the v-and t-SNARE liposomes was first monitored by a fluorescence/ Förster resonance energy transfer (FRET)-based lipid mixing assay. We observed that the exocytic SNAREs drove efficient levels of lipid mixing (Fig. 3, B and C) . When FL tomosyn was added, the SNARE-mediated lipid mixing reactions were reduced to background levels (Fig. 3, B and C) . The inhibitory effects of tomosyn in membrane fusion were comparable with those of the dominant negative inhibitor VAMP2 CD (Fig. 3, B and C). We next examined how tomosyn regulates the content mixing of SNARE liposomes. The concentrated soluble dye sulforhodamine B was encapsulated in the VAMP2 liposomes in which its fluorescence was inhibited by self-quenching. Fusion of the v-SNARE liposomes with unlabeled t-SNARE liposomes led to the dilution of sulforhodamine B and dequenching of fluorescence (48) . We observed that the SNAREs drove an efficient level of content mixing, and the content mixing was strongly blocked by tomosyn. The inhibitory effects of tomosyn in the content mixing reactions were comparable with those of VAMP2 CD (Fig. 4A) . In leakage controls, the sulforhodamine B dye was included in both v-and t-SNARE liposomes. The sulforhodamine B emission was not increased, indicating that content leakage did not occur in the liposome fusion reactions (Fig. 4B) . Therefore, tomosyn is capable of arresting both the lipid and content mixing of SNARE liposomes. These reconstitution data are consistent with liposome co-flotation results and demonstrate that tomosyn arrests the SNARE-mediated fusion at an "off" state.
Tomosyn Arrests the Membrane Fusion Reaction at a Predocking Stage-Next we sought to further dissect how tomosyn arrests SNARE-dependent membrane fusion. Since tomosyn prevents the pairing of v-and t-SNAREs, we hypothesized that it negatively regulates membrane fusion by inhibiting the initial docking of SNARE liposomes. To test this possibility, avidinimmobilized t-SNARE liposomes were used to pull down rhodamine-labeled v-SNARE liposomes (Fig. 5A ). We found that the v-SNARE VAMP2 interacted with the t-SNARE complex (syntaxin-4/SNAP-23 or syntaxin-1/SNAP-25) to promote the docking of SNARE liposomes (Fig. 5B ). This SNARE-dependent liposome docking was strongly inhibited by tomosyn (Fig.  5B) . The ability of tomosyn to block liposome docking suggests that the v-and t-SNAREs remain unpaired in the presence of tomosyn, in agreement with liposome co-flotation findings (Fig. 1) . Thus, tomosyn arrests the membrane fusion reaction at a pre-docking stage.
Tomosyn Uses Its CTD to Arrest SNARE-mediated Membrane Fusion Whereas Its NTD Is Required for Binding to Syntaxin Monomer-Tomosyn contains a large NTD that contains WD40 repeats, and a small R-SNARE-like motif in the CTD (Fig. 6A ). Next we dissected the functional roles of the NTD and CTD in reconstituted assays. The NTD was expressed in insect cells, whereas the CTD was expressed in E. coli. Circular dichroism (CD) measurements showed that the overall folding of the NTD fragment was similar to that of the FL tomosyn protein (Fig. 6B) . As expected, the CD spectrum of the CTD fragment was characteristic of a mainly unstructured polypeptide (Fig. 6B) .
Here we focused on the t-SNAREs syntaxin-4/SNAP-23 and v-SNARE VAMP2, which are required for both insulin secretion and GLUT4 exocytosis. We found that the NTD of tomosyn had no effect on the SNARE-mediated lipid mixing reaction. By contrast, the CTD of tomosyn inhibited the lipid mixing with the same efficiency as FL tomosyn (Fig. 6C) . These data indicate that the C-terminal R-SNARE-like motif mediates the inhibitory function of tomosyn in membrane fusion. Whereas this conclusion has been proposed in previous studies (42, 54 -58) , our findings using full-length tomosyn provided the direct evidence. In a liposome docking assay, the CTD, but not the NTD, of tomosyn inhibited the docking of the v-and t-SNARE liposomes (Fig. 6D) .
We further examined the SNARE-tomosyn association in the liposome co-flotation assay. FL tomosyn bound to both syntaxin-4 and syntaxin-4/SNAP-23 liposomes (Figs. 1B and 6E) . We observed that the CTD of tomosyn interacted with the t-SNARE liposomes but, unexpectedly, not with the syntaxin-4 monomer (Fig. 6E) . Thus, the R-SNARE-like motif of tomosyn is insufficient for syntaxin association. The NTD of tomosyn, on the other hand, associated with neither the syntaxin-4 monomer nor the syntaxin-4⅐SNAP-23 complex in the liposome co-flotation assay (Fig. 6E) . These results suggest that, whereas the CTD mediates the inhibitory function of tomosyn in SNARE-mediated fusion reaction, both the NTD and CTD are required for the binding of tomosyn to the syntaxin monomer. Thus, FL tomosyn presents unique features not found in the widely studied CTD fragment. Because syntaxin binding is an important mechanism for recruiting SNARE regulators, our data suggest that the NTD is critical to the recruitment of tomosyn to vesicle fusion sites. These findings likely explain the genetic observations that the biological function of tomosyn in exocytosis requires both the NTD and CTD (44, 45) .
The Inhibitory Function of Tomosyn Is Dominant over the Stimulatory Activity of the SM Protein-SM proteins are conserved molecules required for all intracellular vesicle fusion pathways (1). We and others have shown that SM proteins promote membrane fusion through binding to their cognate SNAREs (46, 59 -62) . In particular, the SM protein Munc18c positively regulates insulin secretion and GLUT4 exocytosis (63) (64) (65) (66) (67) . In reconstituted assays, Munc18c strongly accelerates the SNARE-dependent membrane fusion reaction (48) . Next we examined how tomosyn and Munc18c act in concert to regulate membrane fusion. We observed that the stimulation of fusion by Munc18c was abrogated when tomosyn was added to the SNAREs (Fig. 7, A and B) , indicating that tomosyn inhibits the membrane fusion reaction in the presence of Munc18c. Further analysis showed that the CTD, but not the NTD, inhibited Munc18c function. Therefore, the inhibitory function of tomosyn is dominant over the stimulatory activity of SM proteins.
DISCUSSION
Tomosyn negatively regulates a range of SNARE-dependent exocytic pathways and is thought to enhance the spatial and temporal precision of vesicle fusion reactions. Whereas the physiological roles of tomosyn in exocytosis are well established, its molecular mechanism remains poorly defined. In this work we have reconstituted SNARE-dependent vesicle fusion reactions using purified components to recapitulate tomosynregulated exocytic pathways. In these defined fusion systems, the mechanism of a SNARE regulator can be individually dissected without the complications of other molecules naturally found in the cell.
Previous biochemical studies of tomosyn mostly used truncated mutants that cannot recapitulate the function of FL tomosyn. Here, we expressed and purified active FL tomosyn protein and examined its activity in reconstituted fusion assays. We demonstrated that the SNARE regulator tomosyn arrests the SNARE-dependent fusion reaction at a pre-docking stage. Tomosyn arrests membrane fusion by inhibiting the t-SNARE complex, thereby preventing the initiation of ternary SNARE complex assembly. As a result, tomosyn inhibits the docking, lipid mixing, and content mixing of the SNARE-dependent fusion reaction. Notably, although originally isolated as a syntaxin-binding protein (42), tomosyn does not affect the formation of the t-SNARE complex on the membrane bilayer. Inter-estingly, tomosyn was recently found to be in complexes with both syntaxin monomers and t-SNARE complexes on the plasma membrane. It appears that the tomosyn⅐t-SNARE complex, rather than the tomosyn-syntaxin complex, mediates the inhibitory activity of tomosyn in exocytosis (68) , in line with our reconstitution results.
Our analysis of FL tomosyn revealed novel features not found in the tomosyn fragments. Whereas not directly involved in SNARE inhibition, the NTD is required for the recruitment of tomosyn to the syntaxin monomer. We discovered that only FL tomosyn binds directly to syntaxin monomer, whereas the NTD and CTD fragments cannot. Because syntaxin binding is a key route for the recruitment of a SNARE regulator to vesicle fusion sites (69, 70) , the NTD of tomosyn likely plays a key role in regulating membrane fusion. It is conceivable that, without this recruitment step, the efficiency of tomosyn in exocytosis SEPTEMBER 12, 2014 • VOLUME 289 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 25577 regulation would be diminished. Indeed, the translocation of tomosyn from the cytosol to the plasma membrane appears to be accompanied by increases in tomosyn-syntaxin association (33) . Our findings provide the first evidence for a biological function of the large NTD of tomosyn, and likely explain the genetic observations that both the NTD and CTD are necessary for the regulatory function of tomosyn in vivo (44, 45) . It should be noted, however, certain mutations in the NTD of tomosyn appear to impair the inhibitory activity of tomosyn without altering its binding to syntaxin monomer (32) . In the future, correlative in vivo and in vitro analyses will be needed to resolve this functional discrepancy.
Distinct Roles of Tomosyn Domains
The inhibitory mechanism of tomosyn is distinct from that of complexin in synaptic release and that of synip in GLUT4 exocytosis. Complexin recognizes the partially zippered trans-SNARE complex and appear to arrest vesicle fusion at a very late stage (71, 72) . Synip, by contrast, also targets the t-SNARE complex but arrests fusion using a mechanism independent of R-SNARE-like motifs (52) . Importantly, tomosyn can inhibit multiple t-SNARE complexes and therefore is capable of regulating a range of exocytic pathways.
Tomosyn may also control SNARE complex oligomerization and appears to interact with synaptotagmin-1 in neuronal exocytosis (58, 73) . The synaptotagmin-binding activity, however, does not represent the core function of tomosyn because the vesicle fusion reaction of GLUT4 exocytosis does not involve synaptotagmins (74) . It is thought that the NTD of tomosyn folds into a ␤-propeller structure similar to the fly protein lethal giant larvae and the yeast molecules Sro7 and Sro77 (75, 76) . It would be interesting to determine whether lethal giant larvae and Sro7/Sro77 regulate SNAREs in a similar way as tomosyn.
Multiple molecules are involved in the regulation of SNAREdependent membrane fusion. Our reconstituted systems provide an avenue to examine the concerted actions of multiple regulatory molecules. We observed that the inhibitory function of tomosyn is dominant over the stimulatory activity of the SM protein Munc18c. These results suggest that tomosyn arrests SNARE assembly at an upstream stage of the fusion reaction prior to membrane docking, whereas SM proteins regulate a downstream, post-docking step of the SNARE-dependent fusion reaction (46, 48, 70) .
Overall, we drew two major conclusions from this study. First, we confirmed that the CTD mediates the inhibitory activity of tomosyn in the context of the FL protein. On the surface, these results seem not to extend the findings previously made using tomosyn fragments. However, we believe these data are a necessary step in tomosyn studies because FL SNARE regulators are frequently found to behave differently from truncated mutants. Second, we demonstrate that the NTD is required (although not sufficient) for the association of tomosyn with the syntaxin monomer. This novel observation likely provides a molecular explanation for the critical roles of the NTD in vivo (44, 45) . It remains to be shown whether the inhibitory activity of tomosyn is influenced by cellular signaling pathways (e.g. insulin signaling). Moreover, it is also likely that tomosyn regulates vesicle fusion through a SNARE-independent mechanisms. Nevertheless, we expect that the molecular mechanisms of tomosyn in SNARE-mediated fusion reaction revealed in this work pave the path for comprehensive understanding of tomosyn activities in physiological transport processes and their associations with human disorders.
